INTRODUCTION
yield polyproteins that are proteolytically processed into intermediate and mature nonstructural proteins (nsps). Murine hepatitis virus (MHV) and severe acute respiratory syndrome coronavirus (SARS-CoV) polyproteins incorporate 16 protein domains (nsps), with nsp1 and nsp2 being the most variable among the coronaviruses and having no experimentally confirmed or predicted functions in replication. To determine if nsp2 is essential for viral replication, MHV and SARS-CoV genome RNA was generated with deletions of the nsp2 coding sequence (MHV∆nsp2 and SARS∆nsp2). Infectious MHV∆nsp2 and SARS∆nsp2 viruses were recovered from electroporated cells. The ∆nsp2 mutant viruses lacked expression of both nsp2 and an nsp2-nsp3 precursor, but cleaved the engineered chimeric nsp1/3 cleavage site as efficiently as the native nsp1-nsp2 cleavage site. Replication complexes in MHV∆nsp2-infected cells lacked nsp2 but were morphologically indistinguishable from those of wild-type MHV by immunofluorescence. These results demonstrate that while nsp2 of MHV and SARS-CoV is dispensable for viral replication in cell culture, deletion of the nsp2 coding sequence attenuates viral growth and RNA synthesis. These findings also provide a system for the study of determinants of nsp targeting and function.
805-2718 (aa Ala181-818Gly) for SARS-CoV. Mutant viruses were then generated as previously described. 1,2
Virus Infection, Immunoprecipitation, and Immunoblot
DBT cells were infected with MHV at an MOI of 5 pfu/cell. At 4.5 h p.i., cells were incubated in medium lacking methionine and cysteine and supplemented with Actinomycin D. [ 35 S]-methionine/cysteine was added at 6 h p.i., and cells were then harvested at 10 h p.i. Lysates were then immunoprecipitated using antibodies against nsp1, nsp2, nsp3, and nsp8. Proteins were then resolved and visualized by SDS-PAGE and fluorography.
Vero-E6 cells were infected with SARS-CoV at an MOI of 1 PFU/cell. At 12 h p.i., cells were harvested and lysates resolved by SDS-PAGE. Separated proteins were transferred to nitrocellulose, and nsp1, nsp2, nsp3, and nsp8 antibodies were used to detect viral proteins as described. 3
Immunofluorescence
DBT cells were grown on glass coverslips as previously described. 4 Cells were then infected for 6.5 h, fixed and permeablized in -20 º C methanol, and processed for immunofluorescence as described. 5
Confocal Microscopy
All cell images were acquired on a Zeiss 510 LSM laser scanning confocal microscope. Images were acquired using lasers at 488 nm (green) and 543 nm (red) and using a 40X, 1.3 NA oil immersion objective. Images were processed using Adobe Photoshop CS.
RESULTS AND DISCUSSION

Deletion of Nsp2 Demonstrates Polyprotein Tolerance to Change
The deletion of the nsp2 coding sequence from both MHV and SARS-CoV yielded infectious virus. Retention of the engineered deletion was confirmed by sequencing of viral RNA from progeny viruses as well as by detection of viral proteins from infected cells by immunoprecipitation (MHV, Fig. 1 ) and immunoblot (SARS-CoV, data not shown). No additional mutations were noted in the regions sequenced, consisting of bases ~500 nt 5' and 3' of the deletion for MHV and ~250 nt 5' and 3' of the deletion for SARS-CoV.
Deletion of the nsp2 coding region of these two viruses is, to our knowledge, the first demonstration of the deletion of the coding region of an entire protein domain from a RNA virus polyprotein. This deletion illustrates a previously unrealized flexibility within the coronavirus polyprotein. 
Deletion of Nsp2 Does Not Interfere with Polyprotein Processing
To determine if the deletion of the nsp2 coding region altered processing within the replicase polyprotein, MHV-infected cells were radiolabeled with [ 35 S]-methionine/ cysteine, lysed, and viral proteins were detected by immunoprecipitation ( Fig. 1) . While MHV∆nsp2 mutant virus produced no detectable nsp2 protein, all other tested proteins (nsp1, nsp3, and nsp8) were processed comparably to wild type, demonstrating that deletion of nsp2 from the viral polyprotein did not inhibit polyprotein translation or processing. Notably, infection with the MHV∆nsp2 virus did not produce the high molecular weight (~275 kDa) protein that has been tentatively identified in previous studies as the nsp2-3 precursor protein. 6, 7 Similarly, lysates generated from SARS-CoV infected cells were probed for nsp1, nsp2, nsp3, and nsp8 proteins by immunoblot (data not shown). As with MHV, the SARS-CoV∆nsp2 virus did not produce detectable nsp2 protein, though nsp1, nsp3, and nsp8 were all expressed and processed comparably to wild type. 
Replication Complexes Form in the Absence of Nsp2
To determine if replication complexes formed in cells infected with the MHV∆nsp2 mutant virus, DBT cells were infected with either wild-type or MHV∆nsp2 for 6.5 h, fixed, and stained by indirect immunofluorescence for the viral proteins nsp2, nsp8, N (nucleocapsid), which localize to punctate cytoplasmic foci (replication complexes), and M, a marker for sites of viral assembly (Fig. 2) . Cells infected with MHV∆nsp2 viruses produced no detectable nsp2. However, nsp8 and N proteins both localized to punctate cytoplasmic focal patterns indistinguishable from wild-type viral replication complexes as well as colocalized with each other. This staining pattern was distinct from the staining pattern of the viral M protein. These results suggest that the MHV∆nsp2 virus was capable of forming replication complexes in the absence of the nsp2 protein.
SUMMARY
processing, or for viral replication complex formation in cell culture. The nsp2 protein Figure 2 . Replication complex formation in MHV∆nsp2 mutant. DBT cells on glass coverslips were infected with either recombinant wild-type MHV (wtic) or MHV∆nsp2 for 6.5 h, then fixed and permeablized in -20 o C methanol. Cells were then stained using antibodies against nsp2 and nucleocapsid protein (N), a marker for replication complexes.
70
The results presented here demonstrate that the MHV and SARS-CoV nsp2 proteins are not required for the production of infectious virus, for polyprotein expression or wtic MHV∆nsp2 α-nsp2 α-N domain resides in a region of the coronavirus replicase that is relatively nonconserved across coronaviruses. In fact, the size and amino acid sequence variability of nsp2 across the different coronaviruses has led some investigators to speculate that the nsp2 protein, along with the nsp1 and nsp3 proteins, may play host-and/or cell-specific roles in the virus life cycle. [8] [9] [10] While this may be the case, it should be noted that nsp2, in some form, exists in all coronaviruses studied to date and likely plays a pivotal role in the viral life cycle. A previous study from our laboratory identified a coronavirus replicase protein that plays an important role in viral pathogenesis. 11 Such may prove to be the case for nsp2, as well. Alternatively, beacuse nsp2 exists as a detectable precursor protein nsp2-3 prior to processing of nsp2 and nsp3 into mature proteins, nsp2 may play a critical adaptor/regulatory role for nsp3 function. Importantly, the viruses produced in this study provide a system by which the role of the nsp2 protein in viral infection can be characterized. 
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